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[1] A common practice in sea level research is to analyze separately the variability of the steric and mass components of sea level. However, there are conceptual and practical issues that have sometimes been misinterpreted, leading to erroneous and contradictory conclusions on regional sea level variability. The crucial point to be noted is that the steric component does not account for volume changes but does for volume changes per mass unit (i.e., density changes). This indicates that the steric component only represents actual volume changes when the mass of the considered water body remains constant. This is for instance the case of thermal expansions/contractions due to surface heat fluxes. Conversely, salinity changes are often linked to net mass changes and therefore not only affect the steric component but also imply a change in the mass component that must be considered when quantifying the overall sea level budget. In this paper, we clarify the interpretation of the steric and mass components by identifying the main physical processes contributing to each of them, with particular emphasis on the role of salinity. The case of the Mediterranean Sea is examined as a paradigmatic example of a semienclosed basin where sea level components must be carefully interpreted. Because of the significant salinity changes shown by most projections of the Mediterranean climate, a misinterpretation of the steric and mass components can lead to underestimations of 40 cm in the sea level of the Mediterranean Sea projected for the end of the 21st century.
Citation: Jorda`, G., and D. Gomis (2013) , On the interpretation of the steric and mass components of sea level variability: The case of the Mediterranean basin, J. Geophys. Res. Oceans, 118, 953-963, doi:10.1002/jgrc.20060 .
Introduction
[2] Obtaining relative sea level changes at a particular location is relatively easy. Tide gauge observations of consistently good quality have been obtained for several decades at many sites referenced to a benchmark on land [see for instance the Permanent Service for Mean Sea Level archive, http://www. psmsl.org; Woodworth and Player, 2003] . Moreover, since 1993, satellite altimeters have been offering worldwide coverage of sea level anomalies with a spatial resolution suitable for regional to global scales and a temporal resolution suitable for scales longer than 1 month. Explaining the observed sea level changes is, however, more difficult.
[3] A common practice in sea level research is to analyze separately the different processes that contribute to sea level variability [see for example Huang and Jin, 2002; Lowe and Gregory, 2006; Pardaens et al., 2011] . The major forcings for global mean sea level are water mass addition/removal from the oceans (mostly due to the melting/growing of continental ice), referred to as the mass component, and changes in the density of the water column, referred to as the steric component [Miller and Douglas, 2004; Antonov et al., 2005; Domingues et al., 2008; Ishii and Kimoto, 2009; Levitus et al., 2012] . Changes in the global steric component are mainly attributed to thermal expansion/ contraction, with the impact of salinity changes being considered to be less important [Antonov et al., 2002] .
[4] At the regional scale, however, salinity can play an important role in determining steric sea level. The Mediterranean Sea is a good example of a basin where salinity changes are at least as important as temperature changes in determining the steric component [see for instance Tsimplis and Rixen, 2002; Vargas-Yáñez et al., 2010] . In addition, the mass component is more complex at the regional scale, as it depends on local freshwater fluxes (the evaporation-precipitation-river-runoff budget) and on the mass exchanges with the neighboring basins. One of the processes contributing to water displacements and hence to regional mass changes is the mechanical forcing of atmospheric pressure and wind. This effect, which is null at the global scale, is often considered as a separate component of regional sea level variability and referred to as the atmospheric or meteorological component.
[5] Beyond the uncertainties inherent in the observations and models used to estimate the different sea level components, there are conceptual and practical issues regarding the steric and mass components that have sometimes been misinterpreted, leading to erroneous and contradictory conclusions on regional sea level variability. The crucial point to be noted is that the steric component does not represent volume changes, as it is often quoted, but does volume changes per mass unit (or, simply, density changes). The steric component only represents actual volume changes when the mass of the considered water body remains constant. This is the case for thermal expansion/contraction due to surface heat fluxes or when a given amount of water is replaced (e.g., due to horizontal advection) by the same amount of water but with a different temperature. Conversely, salinity changes are always linked to mass exchanges (either the amount of salt or the amount of water has to change to modify the salinity) and often result in a net mass change. Thus, changes in the mean salinity of a basin not only affect the steric component but also imply a change in the mass component that must be considered when quantifying the overall sea level budget.
[6] The Mediterranean Sea, separated from the open ocean by a sill of~300 m at its shallowest point, is a paradigmatic case of a semienclosed basin where the different sea level components have sometimes been misinterpreted. Because of the absence of direct observations of mass changes (only available since 2002 in the Mediterranean and elsewhere), the mass component for the last decades has been indirectly inferred by subtracting the steric and atmospheric components from total sea level. Results suggest a mass increase of the order of 1.2 mm/yr for the period 1961-2000 [Calafat et al., 2010] , while the global ocean mass increase derived from continental ice melting has been estimated in the range of 0.8-1.1 mm/yr [Domingues et al., 2008] . Although there is no evident reason to assume that the mass of the Mediterranean Sea should increase at the rate of the global continental ice mass loss (see the last paragraph of section 3.2 for more details), it is also true that the observed increase in the mean salinity of the basin will contribute to enhance the mass increase [see Gomis et al., 2012 , for an overview of the current knowledge on the long-term sea level variability of the Mediterranean Sea].
[7] Beyond the uncertainty in the values obtained for the last decades, the contribution of salinity to mass changes is expected to increase in the future, because most Mediterranean Sea projections for the 21st century show a significant increase in the mean salinity of the basin [see for example Somot et al., 2006; Marcos and Tsimplis, 2008; Somot et al., 2008; Tsimplis et al., 2008] . This has led some authors to conclude that, the mean sea level rise in the Mediterranean Sea will be smaller than the global mean in the 21st century because the steric projections show a small or even negative trend due to the salinity increase [see for example Marcos and Tsimplis, 2008; Tsimplis et al., 2008; Carillo et al., 2012] . Such statement is based on adding the contribution of ice melting to the atmospheric and steric components and then missing the contribution of the salinity increase to the mass component. The latter factor is expected to be larger than that of continental ice melting, so missing it results in a severe underestimation of total sea level rise.
[8] This paper is precisely motivated by the contradictory results reported in the literature for estimate regional sea level change and its different components. First, we will clarify the interpretation of the steric and mass components by identifying the main physical processes contributing to each of them. However, the main objective of this paper is to determine the role of salinity in the interpretation of regional sea level variability. We also intend to give some guidelines to estimate the different sea level components from observations and the output of numerical models. The case of the Mediterranean Sea will be examined as a paradigmatic example of a semienclosed basin where sea level components must be carefully interpreted.
[9] In section 2, we formulate the separation of total sea level into its steric and mass components and clearly delimitate the meaning of each component. In section 3, we examine academic examples to illustrate the contribution of different physical processes to each sea level component. The computation of the sea level components either from observations or from the output of numerical models is analyzed in section 4 and applied to the Mediterranean Sea in section 5. All results are summarized in section 6.
Formulation of the Steric and Mass Components of Sea Level Variability
[10] Let us consider a water column of small horizontal section dA located over a depth H and with a free surface height (t), with H and (t) measured with respect to a given vertical reference at which we set z = 0. The mass of the water column dm(t) is then given by
where r(z,t) is the density distribution along the water column. Taking the time derivative of equation (1) results in
where r (z = ,t) is the surface density, hereinafter referred to as r s (t). Changes in the height of the water column can then be obtained as follows:
[11] The first term on the right-hand side (RHS) is the steric component of the sea level change, while the second term is the mass component. Noting that the mass of the column is related to the bottom pressure p b and atmospheric pressure p atm such that p b = p atm + g(dm/dA), then expression (3) can be written as
where the mass component has been split into the mass displacements produced by changes in the atmospheric pressure (the atmospheric component referred above; third term on the RHS) and mass changes due to other processes (e.g., water mass addition/removal or changes in the circulation; second term on the RHS). When a whole basin is considered, equations (3) and (4) are still valid provided that , r, r s , p b , and p atm represent horizontal averages and dm and dA are the total mass and extension of the basin, respectively.
[12] As stated in section 1, it is important to note from equation (3) that the steric component does not account for volume variations but does for density variations (i.e., changes in the volume per mass unit). Density changes can in turn be separated into two components, one accounting for changes in T and the other accounting for changes in S. The first component (referred to as the thermosteric component) can be computed keeping S constant in the state equation when estimating density changes, while the second (the halosteric component) can be computed keeping the temperature constant. These obviously imply neglecting nonlinear terms of the state equation, but the splitting of the steric component can be considered valid at least in the first order, because the neglected terms are of the second order.
[13] Thus, a temperature increase/decrease leads to a decrease/increase in the density and hence to a positive/negative steric change. The important point to note is that a thermosteric change results in an actual expansion or contraction of the water without any mass change. A salinity change will also lead to a change in the density and hence in the steric component. However, a salinity change also involves mass exchanges. A salinity increase, for instance, can be due to either evaporation (i.e., a decrease in the amount of freshwater keeping the salt content constant) or horizontal advection of saltier water. It is true that in the latter case the mass of the water column can remain constant if the increase in the salt content is compensated by a decrease in the water content; dynamically, this implies keeping the pressure below a certain level constant, which is the basic assumption of geostrophic balance. It is also true, however, that this does not always happen, particularly in the presence of topographic barriers. That is, salinity changes often involve changes in the mass of the water column that must be added to the steric change to obtain the actual sea level change.
[14] Equations (3) and (4) provide an overall definition for the steric and mass components of sea level variability. The physical processes that determine the two components can be inferred from further formulation. Let us consider the following mass conservation equation:
[15] Decomposing the divergence operator into the horizontal and vertical directions and integrating along the water column, it results in
where ! v h and w are the horizontal and vertical components of the velocity, respectively. The last integral in this equation is simply [r s w s À r b w b ], where the surface (w s ) and bottom (w b ) vertical velocities are given by
where "f" and "s" stand for freshwater and surface water, respectively. (E À P) represents the surface freshwater flux expressed as height changes (e.g., in millimiters per day), where E stands for evaporation and P for precipitation, but other freshwater sources, such as river outflow or continental ice melting, could also be included in the term. Merging equations (6) and (7) and rearranging terms, we obtain
[16] Finally, making r b /r s % r/r s % 1, where these magnitudes are not affected by horizontal derivatives, and decomposing the second term on the RHS of equation (8) into a term accounting for the horizontal divergence of the flow and a term accounting for the horizontal advection of density, we obtain
[17] Alternatively, joining the second, third, and fourth terms on the RSH of equation (9), it turns into
[18] The first term on the RHS is the steric component as defined in equation (3), and the other terms give the different sources of mass variation: convergence/divergence of the mean horizontal velocity (second term on the RHS), horizontal density advection (third term), and surface freshwater budget (the fourth term on the RHS). Their physical meaning is rather clear except perhaps for the horizontal density advection, which appears as part of the mass component because replacing a given volume with denser/lighter water results in an increase/decrease in the mass of the water column.
[19] It is worth noting at this point that in the sea level equation there are no terms other than the steric and mass components defined in equation (3) or (10). Some studies refer to a "dynamic component" or a "circulation component" [see for example Kawabe, 1994; Pugh and Maul, 1999] , but such a definition may add confusion to the balance. The effect of baroclinic circulation on sea level is implicitly accounted for by the steric component, as baroclinic changes are linked to changes in density. The effect of convergence/divergence of the barotropic velocity (e.g., induced by the atmospheric pressure and wind) is explicitly accounted for by one of the terms of the mass component.
[20] A second point worth clarifying is the difference between the steric term and the dynamic height used in geostrophic computations. The vertical integral of the steric term as defined in equation (3) or (10) runs along the whole vertical column whatever the value of H is at each location. Conversely, the vertical integration that defines dynamic height extends down to a fixed isobar that is assumed to be at constant depth (the reference or "no motion" level). Assuming the existence of such a level isobar is equivalent to assuming that the pressure made by the water column above that level is constant, which in turn implies that the mass of the water column above that level does not change. The differences between the steric component and dynamic height will be revisited later on when some academic case studies are presented.
[21] The introduction of the thermosteric and halosteric components implies neglecting pressure effects on the density and assuming a simple linear approach for the (temporal and spatial) changes in density with T and S as follows:
where a and b are heat expansion and salt contraction coefficients, respectively. Under these assumptions, equation (8) results in
[22] The first two terms on the RHS are the thermosteric and halosteric components of the sea level, while the other terms are part of the mass component. In the next section, we examine a few academic case studies that illustrate the impact of different physical processes on each of the sea level components.
Physical Processes Contributing to Sea Level Variability

Surface Heat Fluxes
[23] Neglecting for the moment any horizontal gradient in the fields, it is obvious that a positive/negative surface heat flux will result in a positive/negative steric component (the first term on the RHS of equation (10)) and in a zero mass component (the other terms on the RHS). Thus, the steric component Δ st will reflect actual expansions/contractions of the water column that in a homogenous basin (i.e., with no horizontal gradients resulting in mass displacements) with closed boundaries (no lateral mass fluxes) will result in actual sea level rise/lowering (Δ net ; see Figure 1b ).
[24] In the open ocean, a local surface heat flux will in principle have the same effect, but in such a case the resulting horizontal pressure differences will result in interactions with the surrounding regions. A local heating of the upper layers, for instance, will cause thermal expansion, sea level rise, and, consequently, a local increase in the pressure measured at any level of the layers (and no pressure change below it). Because the changes affect the baroclinic part of the pressure field, the pressure anomaly cannot spread over long distances: the geostrophic adjustment limits the spreading to distances of the order of the baroclinic radius of deformation, which is typically of a few tens of kilometers. The ultimate result of the geostrophic adjustment will be an anticyclonic circulation surrounding a domain where the change pattern of the steric component is exactly equal to the actual sea surface height pattern. By doing such statement, we are implicitly assuming that below a certain level (e.g., the reference level for geostrophic computations), the pressure remains constant during the whole process. In practice, this is very approximately the case in the open ocean except when topographic barriers prevent the adjustment process.
Surface Freshwater Fluxes
[25] Considering again a homogeneous, enclosed domain, evaporation and precipitation will obviously affect the last mass term on the RHS of equation (10). The steric component will also undergo some changes due to the induced changes in surface salinity, the latent heat associated with evaporation, and the eventual heat changes produced by precipitation. However, it can be easily demonstrated that these changes in the steric component are much smaller than the changes in the mass component derived from the loss/ gain of freshwater. Considering for instance that the salt content of an evaporated layer of vertical extension E spreads uniformly over an upper layer of vertical extension U (see Figure 1c) , the increase in the salinity of the latter layer will be ΔS~S o E/U (with S o being the original salinity). Following equation (12), the change in the halosteric component hs will then be Δ hs = ÀbUΔS~ÀbES o = bS o Δ m , where we have made the evaporated layer E equal to the (negative) change in the mass component Δ m . Using a value of b corresponding to T = 15 C and taking S o = 35, for instance, we obtain Δ hs~0 .03Δ m ; that is, 30 mm of evaporation would result in a steric component change of about 1 mm. Thus, in a homogeneous, enclosed basin, the impact of freshwater fluxes on sea level will essentially be that accounted for by the mass component of the sea level.
[26] In the open ocean, local sea level anomalies derived from surface freshwater fluxes will prompt the domain to interact with the surrounding regions. Unlike in the case of surface heat fluxes, local changes in the mass component affect the barotropic part of the pressure field (the bottom pressure). These pressure gradients will result in mass displacements over distances of the order of the barotropic radius of deformation, which is typically of several thousand kilometers [see for instance Huang and Jin, 2002] . Using equation (10), this means that local evaporation/precipitation patterns (with typical length scales of 10-1000 km) affecting the last term on the RHS will be practically compensated by the second term (the water convergence/divergence), because the precipitated water will spread away or water from the surroundings will come in to replace evaporation losses. Thus, the contribution of the mass component derived from local freshwater fluxes will be hardly detected over a regional domain.
[27] The melting of continental ice deserves some specific comments. The global ocean can obviously be considered as an enclosed basin, and therefore the net mass addition derived from the melting will result in a global mean sea level rise. As the dimensions of the global ocean are larger than the barotropic radius of deformation, the local pouring of freshwater can result in large-scale sea level patterns, rather than in a globally uniform sea level rise [see for example Katsman et al., 2008; Lorbacher et al., 2012] . In addition, the local response of the solid Earth to the loss of ice or the changes in the geoid due to the increase in oceanic water will create spatial patterns of sea level [Mitrovica et al., 2001] . Moreover, the local input of freshwater and cold water will also modify the baroclinic structure of the ocean and hence the geostrophic circulation [Okumura et al., 2009; Stammer, 2008] .
Lateral Salinity Advection
[28] Let us now consider a domain where a homogeneous upper layer is substituted by another with the same volume of freshwater but with a different salt content (e.g., due to horizontal salinity advection; see Figure 1d ). In this case, of the four terms on the RHS of equation (10), only the first (the steric component) and third (mass changes due to density advection) are to be considered. An increase/decrease in S will result in a negative/positive steric change. An increase of 0.01 in the salinity of the first 300 m of the water column, for instance, will result in a steric change Δ hs of about À2.4 mm (taking T = 15 C). On the other hand, the amount of salt of the column will have increased by 3 kg/m 2 , which results in a change in the mass component Δ m of +3.0 mm. [The way to translate a change in the mass component (kg) to a change in sea level height (m) is given by the second term on the RHS of equation (3): Δ m = ΔM/Ar s . The density used here (r s ) is the surface water density, not the salt density. The physical explanation relies on the fact that we are not actually computing the volume occupied by the salt (which is very small, as in any dissolution). What equation (3) is saying is that the steric component gives volume changes per mass unit (density changes) so that we need to consider the mass changes in the water column, independently of whether they are due to salt or water changes, to obtain actual volume changes (i.e., sea level changes).] In summary, the net result of the salinity increase is thus a net sea level increase net of about +0.6 mm and not a sea level decrease, as it would be concluded looking only at the steric component. This rather trivial result from the physical point of view has often been ignored or misinterpreted, as in the literature we can find quite a few papers stating that the water column "contracts" in response to a salinity increase.
[29] The key issues to realize are, first, that salinity changes affect the mass component and not only the steric component and, second, that the mass component of the sea level variability as defined in equation (3) in the mass of the water column (e.g., salt changes) and not only for changes derived from freshwater addition or subtraction.
[30] In the open ocean, the local bottom pressure (mass) increase derived in principle from horizontal salinity advection (the third term on the RSH of equation (10)) will be usually compensated by the horizontal advection of sea surface height (the third term on the RSH of equation (9), included within the second term on the RSH of equation (10)) and then result in a small mass component. Under the geostrophic assumption, the compensation will be complete and the contribution of the mass terms will be null; that is, the steric component will reflect the actual sea level lowering. However, topographic barriers and any other cause preventing the dynamic adjustment of the fields will allow for the mass component to also be considered along with the steric component. A semienclosed basin such as the Mediterranean Sea is one of the clear cases in which the basin mean steric component by itself will not account for actual sea level changes, because the Strait of Gibraltar sill prevents pressure adjustments between the two sides of the strait at depths greater than the sill depth and the narrowness of the strait prevents the geostrophic adjustment of the along-strait pressure differences at shallower levels. The flow through the Strait of Gibraltar is hydraulically controlled [see for instance Farmer and Armi, 1988] , and the sea level gradient across it is determined by the hydraulic regime, not by a geostrophic balance. Thus, the Mediterranean basin is a clear example where the steric component and total sea level can be very different, making the determination of the mass contribution compulsory to understand the actual sea level variability.
Quantification of the Different Sea Level Components
Quantifying the Sea Level Components From Observations
[31] Identifying the different sea level components from observations is not an easy task. For instance, we cannot expect to quantify each of the terms in equation (10) because current measurements, when available, are not accurate enough. However, we can in principle quantify each of the terms in equation (3). The left-hand side (LHS) term can be estimated from altimetry data, where it is important to note that altimetry is usually corrected for the atmospheric contribution to sea level. The resolution of altimetry data is enough to represent monthly and longer temporal scales and from regional to global spatial scales.
[32] The steric component can be estimated from hydrographic observations, albeit with limited accuracy due to the usually uneven spatiotemporal distribution of available data [see for example Tsimplis et al., 2011] . In practice, the vertical integral in equation (3) can be limited to the upper levels if steric changes are considered to be small at low levels [see for example . An additional approximation is to set the upper limit of the integral to z = 0 instead of z = (t); for a vertical domain of 1000 m, for instance, this results in relative errors of the order of 10 À4 for the steric changes, which are absolutely negligible in front of other uncertainty sources, such as the uneven spatiotemporal distribution of observations. Obtaining the thermosteric and halosteric terms appearing in equation (10) from hydrographic data does not represent any problem beyond those mentioned for the whole steric component.
[33] The mass component of equation (3) can be obtained from gravimetry data (e.g., from the GRACE mission, available for 2002), which permit the resolution of the mass field at spatial scales of a few hundred kilometers. That is, we can estimate changes in the Mediterranean basin as a whole, for instance, but not at the sub-basin scale. In addition, gravimetry data are usually corrected for the atmospheric contribution [Fletchner, 2007] so that using altimetry on the LHS of equation (3) and gravimetry on the RSH will be consistent. Of course if total sea level is to be recovered, the atmospheric component of the sea level must be evaluated independently and added to both sides of equation (3).
[34] If we know the salinity changes ΔS(x,y,z) over a certain period, we can infer their contribution to the mass component of the sea level over a domain A from equation (3) as follows:
where S is the mass of salt per volume unit (if S is given in practical salinity units, it is practically equivalent to having it in kilograms per cubic meter), Δ S is the change in the mean salinity, and H is the mean depth of the domain. By subtracting the result of equation (13) from total mass changes (e.g., inferred from GRACE data), we would obtain the addition/subtraction of freshwater.
Quantifying the Sea Level Components From Numerical Models
[35] Inferring sea level and its components from numerical model outputs merits a special comment. First of all, it must be noted that many ocean models use the Boussinesq approximation; that is, they conserve volume rather than mass [Greatbatch, 1994; Mellor and Ezer, 1995; Huang and Jin, 2002] . Therefore, these models cannot account for net expansions/contractions over the model domain (e.g., due to temperature increases/decreases). They can reproduce the sea level gradients associated with density gradients and mass exchanges within the model domain, but the sea level change averaged over the domain is always zero. A common way to overcome this limitation is computing a spatially constant, time-varying value Δ B that accounts for the expansion/contraction integrated over the whole model domain A [Greatbatch, 1994] as follows:
This constant is computed for each time step and added a posteriori to the sea surface height maps provided by the model.
[36] A quick look at equation (3) is enough to identify this constant with the steric component of the sea level, which, according to the case studies presented in section 2, is sometimes a good approximation to total sea level changes and sometimes not. In global models, for instance, and under the assumption that the mass remains constant over the model domain (i.e., in the case that the net expansion/contraction is only due to temperature changes and not to salinity changes), Δ B will provide the proper correction to the sea level fields from Boussinesq models. This is not true, however, for regional models, which allow the exchange of T, S properties through the open boundaries of the domain and hence for changes in the mass content of the domain. In the case of net salinity advection, for instance, equation (14) will give negative values for Δ B , while we have seen in section 3.3 that sea level could be increasing rather than decreasing. Thus, if total sea level has to be computed from regional models, some cautions are needed. We consider here two cases: when the regional model is nested into a global model so that information about the global ocean is transferred through the open boundaries and when it is not.
[37] In the case of a nested regional model, we will assume that the numerical definition of the open boundary conditions does not induce errors (i.e., there is a "perfect" transfer of information from the global ocean to the regional model). In this case, the total sea level obtained from the global model should be prescribed at the open boundaries of the regional model. That is, the dynamic part of sea level Δ D (the sea surface height variable from the global model that has zero average over the global ocean) plus the timevarying Δ B is given by
[38] By doing this, the sea surface height variable of the regional model will account for total sea level. The spatial gradients will still be defined by the regional dynamics, while the absolute value accounting for net expansion/contractions will be set at the open boundaries from the information provided by the global model. The issue to be noted here is that Δ B must be computed from the global model outputs and not from the regional model, because the latter model does not necessarily fulfil the assumption underlying equation (14): that the mass remains constant within the model domain.
[39] A different approach must be followed when the regional model is not fully nested into a global model so that no information about sea surface elevation is provided at the boundaries [see for instance Somot et al., 2006; Artale et al., 2010; Beuvier et al., 2010] . In this case, the time-varying constant Δ B can only be computed regionally, but expression equation (14) must be modified to include the mass component that was neglected at the global scale. Because of the volume conservation, mass changes can only come from changes in the mean salinity within the model domain; therefore, the time-varying constant to be added to the sea surface height given by the model is (16) [40] In this approach, Δ B reg will correctly account for the actual expansion/contraction within the regional model domain, but part of the interaction with the global ocean is missed. That is, the regional model will incorporate the global baroclinic signal if temperature and salinity boundary conditions are set from the global model, but it will not include other sea level components, such as barotropic mass displacements (i.e., induced by remote winds or ice melting) reaching the boundaries of the domain. Therefore, sea level results obtained from such regional models must be interpreted with caution.
The Case of the Mediterranean Sea
[41] The concepts introduced in the previous sections are now illustrated in the case of the Mediterranean Sea using both observations (covering the last decades of the 20th century) and model data (baroclinic model projections for the 21st century). For the last decades, monthly fields of the total sea level of Mediterranean Sea for the period 1950-2010 have been obtained from a reconstruction that merges altimetry and tide gauge information [Calafat and Jordà, 2011] . The reconstructed sea level fields do not include the atmospheric component. The steric, thermosteric, and halosteric components are computed from the Ishii hydrographic database [Ishii and Kimoto, 2009] , which consists of monthly 1 Â 1 gridded global temperature and salinity fields resulting from applying an objective analysis to historical in situ data. This data set covers the surface to 700 m so that the steric component has been computed down to that depth. At the global scale, the consistency between altimetry, steric sea level, and GRACE observations has been controversial, partly due to the short period of data available [Willis et al., 2008; Leuliette and Miller, 2009; Cazenave et al., 2009] and partly due to the uncertainties inherent in the computation of the steric and mass components [Chambers, 2006] . In the Mediterranean Sea, the sea level budget appears to be consistent: Fenoglio-Marc et al. [2006] and Calafat et al. [2010] showed that the subtraction of the steric component from total sea level provides an accurate estimate of the mass component from intraseasonal to interannual scales.
[42] Figure 2 shows the time evolution of the mean sea level of the Mediterranean Sea (with the atmospheric component subtracted) for the last decades. Calafat et al. [2010] , who used the same data set as that described here, already pointed out that the mass component shows a higher variability than the steric component and, more apparently, a larger trend (Figure 2a) . In fact, the trend of the steric component is slightly negative, so the positive trend in total sea level is entirely due to the mass component (see Table 1 ). Splitting the steric component into its thermosteric and halosteric contributions shows that both have negative trends, which reflect a mean temperature decrease and a mean salinity increase over the 3D domain (Figure 2b and Table 1 ). In addition, splitting the mass component into its salt water and freshwater contributions reveals that the salt increase has a small impact on the total mass trends (see Figure 2c and Table 1 ). Finally, we show total sea level split into the actual physical processes that drive sea level variability (Figure 2d ): thermosteric expansion/contraction, addition/subtraction of water, and haline net effect (the halosteric contribution plus the salt mass change). As explained in the case studies, the halosteric component by itself is not representative of the actual role of salinity changes; physically, a salinity increase/decrease results by itself in a net sea level increase/decrease, but there can be water displacements associated with the salinity changes through dynamic constraints (e.g., the geostrophic balance) that may result in opposite changes.
[43] In summary, from the Ishii database we can deduce that during the last decades, the sea level trend of the Mediterranean Sea has been mostly driven by an increase in the mass content of the basin. The mass increase is mainly due to an increase in the incoming Atlantic Ocean water, with the salinity increase playing a small role. The negative temperature trend contrasts with the increase in the global mean temperature. This regional negative anomaly in the temperature has been related to the highly positive NAO phase dominating the l960s-1990s [see Tsimplis and Rixen, 2002] . From the mid 1990s, the temperature and hence the steric component have increased significantly following the decrease in the NAO index, but the increasing period is still too short to result in overall positive trends. As pointed out in section 1, the magnitude of the steric component, its contributions, and other parameters computed from hydrographic databases are strongly handicapped by the scarcity of observations. The differences in the trends computed from different databases are rather large, although all of them agree in that the salinity of the Mediterranean Sea has been increasing during the last decades.
[44] Most projections for the 21st century confirm the salinity trends observed during the last decades. The Mediterranean basin is expected to experience higher evaporation and less precipitation than at present, which would lead to its salinification [Somot et al., 2006; Somot et al., 2008; Dubois et al., 2012] . (It is also true, however, that some projections show a salinity decrease derived from the advection of less salty Atlantic Ocean water through the Strait of Gibraltar [Gualdi et al., 2011] .) All projections also show markedly positive trends in the mean temperature so that the thermosteric component shows a positive trend accounting for the thermal expansion. Among the projections that show a salinity increase and hence a halosteric component with a negative trend, the total steric change spreads from small positive to small negative values due to the high degree of cancellation between the thermosteric and halosteric contributions [see for example Marcos and Tsimplis, 2008; Carillo et al., 2012] . As stated in section 1, this has led to the unfounded conclusion that the mean sea level of the Mediterranean Sea will rise more slowly than the global mean during the 21st century.
[45] To illustrate that the last statement derives from a misinterpretation of the steric and mass components, we use the outputs of a Mediterranean regional climate ocean model [Jordà et al., 2012a [Jordà et al., , 2012b . The model uses the NEMOMED8 code at 1/8 deg of spatial resolution [Beuvier et al., 2010] forced by the outputs of the ARPEGE-v4 climate model for the period 1950-2100 under the A2 scenario. This regional model shares the same configuration with other regional models [Somot et al., 2006 Artale et al., 2010] and does not account for mass changes in the nearby Atlantic Ocean due to ice melting or water mass redistribution.
[46] Figure 3a shows the thermosteric and halosteric contributions which in that projection result in a slightly negative trend for the steric component (i.e., negative halosteric changes slightly dominate over the positive thermosteric changes; see Table 2 ). However, as stressed above, the halosteric component is not telling the whole history about the role played by salinity. The increase in the mass content derived from the increase in the salt content is larger than the halosteric component; that is, it will result in a sea level increase of several centimeters by the end of the 21st century. Together with the thermosteric contribution, this results in a sea level increase of about 50 cm (see Figure 3b and Table 2 ).
[47] Two crucial issues are to be noted at this point. The first one is that estimating total sea level rise in the Mediterranean Sea by adding only the contribution of continental ice melting (not included in climate models) to the steric component is wrong, because the mass increase associated with the salt increase is missed. In the case of the Mediterranean Sea and the particular simulation analyzed here, the salt contribution (56 cm in Table 2 ) is much larger than the contribution from ice melting [currently estimated between 4 and 20 cm for 2100; IPCC, 2007] . Thus, missing the salt contribution will lead to projecting a sea level rise of less than 15 cm for 2100 on top of the 50 cm that the simulation used here indicates. To obtain the spatial distribution of total sea level trends within the model domain, a spatially constant (but varying in time) value has to be added to the sea surface height trends given by the model at every grid point. That constant is the result of equation (16) (the steric plus salt mass value in Table 2 ) and not that of equation (14) (the steric component alone).
[48] The second issue to be recalled is that we are only analyzing the steric component and the contribution of salt to the mass component. The model considered here is not fully coupled with a global model and therefore does not include such sea level components as barotropic mass displacements induced by remote winds or ice melting and reaching the boundaries of the model domain . Moreover, it does not have enough resolution to solve neither the hydraulic regime at the Strait of Gibraltar nor the along-strait sea level drop. That is, the projected values are more intended to illustrate the role of salinity in regional sea level estimates than to give accurate projections for the sea level of the 21st century.
Summary and Conclusions
[49] The equations and case studies presented in this paper intend to demonstrate that the steric component of the sea level can be rather different from total sea level changes. In particular, the halosteric contribution does not represent by itself actual sea level variations, because changes in the salinity of the water column also imply changes in the mass component. We have shown for instance that the salt contribution to the mass component is always slightly larger than (in absolute value) and has a sign opposite that of the halosteric component. This explains why the net impact of adding/subtracting salt in an enclosed basin is a slight sea level increase/decrease. At open sea, however, high/low salinity advection is usually linked to low/high sea level advection, to the point that under the geostrophic balance the two advections compensate each other and the mass of the water column remains constant. In such a case, the steric component is certainly accounting for total sea level. In general, the only way to ensure the reliability of total sea level estimates is by adding the steric component to total mass changes (which include both salt water and freshwater changes).
[50] Expressing total sea level in terms of the thermosteric component plus the water mass change (i.e., neglecting the role of salt changes) can sometimes be a better approximation than adding the freshwater mass changes to the whole steric component. However, whenever possible, total sea level should be computed by either adding the steric and total mass components or, following a more physical approach, adding the thermosteric component (representing the thermal expansion), the changes in the freshwater content, and the net haline effect (the halosteric component plus the changes in the mass of salt). Conversely, subtracting the steric component from total sea level will provide the changes in the total mass, which can be different from the changes in the amount of freshwater if variations in the salt content are large.
[51] In a climate change context, the issues presented here gain in importance, particularly for semienclosed basins, such as the Mediterranean Sea. In such a case, neglecting the contribution of the salt increase to the mass component when estimating total sea level [see for example Marcos and Tsimplis, 2008; Tsimplis et al., 2008; Carillo et al., 2012] can result in a severe underestimation of actual sea level rise. This extended misinterpretation of the steric and mass components is probably due to several reasons. One may be that computations carried out at the global scale have been repeated at the regional scale without reviewing basic assumptions, such as the mass conservation within the considered domain. Even when changes in the mass of the ocean are considered, the interpretation of observations in a global context and that in a regional context may differ. Thus, changes in the mass of the global ocean computed from gravimetric observations will essentially reflect changes in the freshwater contents, because the global amount of salt is assumed to be constant. Conversely, mass changes obtained from regional gravimetric observations will include the changes in the salt content of the region and not only freshwater changes.
[52] Another reason for a misleading interpretation is the formal similarity between the steric component of the sea level and dynamic height. Under the geostrophic balance, high/low density values are really associated with low/high sea level. However, if dynamic adjustment is not possible (e.g., due to topographic barriers), high/low densities will no longer be associated with low/high sea level.
[53] Finally, special attention must be paid when inferring sea level from regional model outputs. Not taking into account the different issues presented here can also lead to very misleading conclusions. In such a sensitive issue as climate change, where the impact of the expected changes in the physical variables is very relevant, a misinterpretation of the steric and mass components inferred from models may add more confusion than light to the current knowledge.
